The prevalence of degenerated cells in the thickened intima of cholesterol-fed animals suggested that necrotic regions might become a focus for lesion development by attracting histiocytes or monocytes. We propose that cholesterol-rich necrotic products scavenged by macrophages incite the accumulation of cholesteryl ester and the formation of cholesteryl ester droplets. The feasibility of this hypothesis was tested with readily available materials, namely, lung macrophages and plasma membrane vesicles (PMV) released from dying cholesterol-rich and normal hepatocytes. PMV from cholesterol-rich hepatocytes contained 30-fold more cholesteryl ester than PMV from normal hepatocytes. Degradation of 125 I-PMV to trichloroacetic acid-soluble products by macrophages was fourfold higher than that of 125 l-acetylated low density lipoprotein (acetyl-LDL) at 100 /xg/ml of ligand in the incubation medium. Within this concentration range, degradation of PMV increased almost linearly with increasing concentrations of PMV, while the degradation of acetyl-LDL followed a saturation curve. Cholesterol-rich PMV increased the cholesteryl ester content of macrophages fourfold and augmented the incorporation of oleate threefold relative to normal PMV. These studies were extended to aortic smooth muscle cells. As with hepatocyte-PMV, smooth muscle cell-PMV was internalized and degraded by macrophages. The results suggested that cholesterol-rich necrotic materials could play a significant role in atherogenesis. (Arteriosclerosis 7
T here is little doubt that abnormally high concentrations of low density lipoprotein (LDL) in plasma incite atherogenesis and that lipoprotein cholesterol accumulates in atherosclerotic lesions as cholesteryl ester droplets in macrophages. 1 The events in the formation of atherosclerotic lesions are understood in outline only. Cell culture studies have indicated that modification of LDL either by chemical reagents 2 " 4 or by conditioning with endothelial cells 5 is necessary to stimulate the accumulation of cholesteryl ester in macrophages, implicating abnormal instead of native LDL in atherogenesis. Indeed, modified LDL isolated from lesions abet in vitro accumulation of macrophage cholesteryl ester. 6 Low density lipoprotein modified by incubation with endothelial cells also exhibit cytotoxic properties. 7 The latter may also play a role in atherogenesis.
We have considered an alternative pathway for the formation of cholesteryl ester-rich macrophages which may or may not involve modified LDL. Prevalence of necrotic cells in thickened intima of hypercholesterolemic swine 8 ' 9 suggested that necrotic products may become another source of cholesterol for infiltrated macrophages over and above that provided by modified LDL. A common response of several cell types to injury and the dying process is the formation of blebs on the cell surface which subsequently pinch off to form plasma membrane vesicles. 10 " 12 These vesicles are enriched with cholesterol and could conceivably be enriched even more if derived from a parent cholesterol-rich cell. We propose that plasma membrane vesicles (PMV) released from dying cells in the thickened intima are scavenged by macrophages and abet the accumulation of cholesteryl ester. The feasibility of this hypothesis was tested with readily available components, namely, alveolar macrophages and plasma membrane vesicles of normal and cholesterol-rich hepatocytes. The applicability of this hypothesis to arterial tissue would depend on whether PMV are released from aortic cells and are degraded. These questions were investigated.
Methods

Isolation of Hepatocytes
Male Wistar rats (125 g each) were given a pulverized chow diet either mixed with 1 % cholesterol and 10% olive oil or plain for 1 month. They were then killed by an overdose of phenobarbital. The livers were perfused individually with 150 ml of an oxygenated (95% O 2 /5% CO 2 ) Hanks medium (pH 7.4) containing 2% bovine serum albumin and 0.26 M NaHCO 3 , then with 100 ml of oxygenated Hanks medium containing 120 mg collagenase (900 units/mg), 0.26 M NaHCO 3 , and 4 mM CaCI 2 . Hepatocytes were teased from the softened tissue with a glass rod into aerated Krebs-Henseleit bicarbonate buffer (pH 7.4) containing 2% albumin and 5.5 mM glucose, and filtered through a nylon mesh. Hepatocytes were recovered by centrifugation at 500 g for 5 minutes. The viability was tested with trypan blue dye. Typically, approximately 85% of the cells excluded the dye.
Preparation of Plasma Membrane Vesicles from Hepatocytes
Hepatocytes were incubated in nonaerated Krebs-Henseleit phosphate buffer (pH 7.4) or the same buffer containing 1 mM ATP for 30 minutes at 37° C. The mixture was centrifuged at 3000 g for 10 minutes to sediment the cells, and the resulting supernatant layer was centrifuged at 10,000 g for 30 minutes to sediment the vesicles.
Radlolodlnatlon of Plasma Membrane Vesicles
Na 12S l (2 mCi) was incubated for 15 minutes at room temperature in 2 ml Dulbecco phosphate-buffered saline (PBS) (pH 7.4) containing nonporous styrene beads coated with A/-chlorobenzenesulfonamide (Pierce Chemical Company, Rockford, Illinois). The mixture was shaken with an equal volume of PBS containing PMV (10 mg protein) at 37° C for 45 minutes. The vesicles were collected by centrifugation at 10,000 g for 20 minutes and were washed three times with fresh PBS by resuspension and centrifugation. The final suspension was dialyzed against four exchanges of 500 ml PBS. Approximately 95% of the label that bound to the vesicles was precipitable with trichloroacetic acid (TCA). Lipid accounted for 8.5% of the radioactivity in the TCA-insoluble material. The specific activity of the vesicles was approximately 20,000 cpm/>g protein.
Preparation and Radlolodlnatlon of Acetylated Low Density Llpoproteln
Human low density lipoprotein (LDL) was isolated from serum between the salt (NaCI) density of 1.019 to 1.063 essentially by the procedure of Havel et al. 13 and iodinated by the method of Bilheimer et al. 14 The final dialyzed solution had 98% of the radioactivity in LDL. Iodinated LDL was acetylated by the procedure of Basu et al. 15 The specific activity of the lipoprotein was approximately 61,000 protein.
Isolation of Alveolar Macrophages
New Zealand male rabbits were killed with an overdose of Diabutal. Alveolar macrophages were obtained by lavage with PBS containing 4.5 mM glucose and heparin (1,000 U/ml) by the method of Patterson-Delafield and Lehrer. 16 The lavage was centrifuged at 500 g for 10 minutes and the cells were suspended and sedimented in PBS diluted with water (1:5) to lyse the contaminating erythrocytes. This procedure yields an essentially pure (>95%) population of macrophages. 16 Macrophages (5 x 10 s cells) were added to 0.5 ml of nutritionally complete Dulbecco modified Eagle's medium (DMEM) supplemented with nonessential and essential amino acids, 4.7 mM NaHCO 3 ,10% fetal calf serum, and a mixture of antibiotics (streptomycin, penicillin, garamycin, and amphotericin). After a 2-hour incubation at 37° C, adhering cells were washed with fresh PBS and maintained in nutritionally complete DMEM under a humidified atmosphere of 95% Oj/5% CO 2 at 37° C.
Isolation of Plasma Membrane Vesicles from Aortic Smooth Muscle Cells
Cultured pig aortic smooth muscle cells (provided by Sampeth Parthasarathy) were grown to confluency in a 75 cm 2 Falcon flask containing nutritionally complete DMEM + 10% fetal calf serum. The medium was changed to serum-free DMEM to accelerate the release of vesicles from smooth muscle cells. After 48 hours, the medium was centrifuged at 500 g for 10 minutes to sediment the unattached cells and debris, and the supernatant layer was centrifuged at 100,000 g for 90 minutes to recover the vesicles. The vesicles were resuspended in complete DMEM, assayed for 5'-nucleotidase activity, and radioiodinated as described for hepatocyte-PMV.
Degradation of 12S l-Llgands by Alveolar Macrophages
Normal PMV, cholesterol-rich PMV, or acetylated LDL were added at varying protein concentrations up to 160 ng/ml to nutritionally complete DMEM overlying adhering macrophages (5 x 10 s cells). After a 4-hour incubation at 37° C, the culture medium was separated from the cells and assayed for radioactivity in trichloroacetic acid-soluble products.
Incorporation of Oleate Into Macrophage Cholesteryl Ester
Macrophages (3 x 10 6 cells) were incubated in 3 ml DMEM containing normal PMV or cholesterol-rich PMV at a concentration of 100 ^g protein/ml for 2.5 hours at 37° C. Three /xCi 1-14 C-oleate (spec. act. 7,200 cpm/nmol) were added as a complex with bovine serum albumin (mole ratio, 7.5:1) in DMEM-lacking fetal calf serum. The cells were Incubated an additional 4 hours. For a control, macrophages were not exposed to PMV but were carried through the procedure. After incubation, the cells were washed with PBS, lifted into 0.1 N NaOH, and neutralized with HCI. The cells were sonicated for 10 seconds and were assayed for cholesteryl ester radioactivity.
Cholesteryl Ester Content of Macrophages Exposed to Plasma Membrane Vesicles
Macrophages (3 x 10 6 cells) were exposed continuously to normal or cholesterol-rich PMV at a concentration of 100 /xg/ml in a nutritionally complete DMEM for 3 days at 37° C. For a control, macrophages were incubated in the absence of vesicles for the same period of time. The adhering cells were washed with PBS and scraped into DMEM. The suspension was layered onto a 5% to 10% sucrose gradient which rested on a 20% sucrose cushion. 17 Two hours were sufficient to separate cells from contaminating PMV (if any). The macrophages were collected and sonicated with a 10 second burst and were assayed for free and esterified cholesterol.
Analytical Methods
LJpid was extracted from disrupted macrophages, hepatocytes, or vesicles by the method of Bligh and Dyer. 18 Free and esterified cholesterol were measured colorimetrically by the method of Rudel and Morris. 19 Microquantities of cholesterol, 5 /ng or less, were measured by gas chromatography on a 3% OV101 column (Supelco, Bellefonte, Pennsylvania) with sitosterol as an internal standard. Cholesteryl ester radioactivity was measured by the method of Hashimoto and Fogelman. 20 Other biochemical and chemical methods: disrupted hepatocytes and vesicles were assayed for 5'-nucleotidase, 21 acid phosphatase, 22 and protein. 23 
Results
The dying process of normal and cholesterol-rich hepatocytes was examined microscopically by incubation of hepatocytes in nutritionally complete DMEM that was either deficient in oxygen or contained 1 mM ATP. Formation of blebs on the cell surface and the release of microvesicles at the expense of a decrease in the cell size were observed during a 1-hour incubation at 37° C. These observations agree with those of others, 11 and are consistent with the view that vesicles are formed by pinching off of blebs on the cell surface. 1011 Transmission electron micrographs (not presented) show that the vesicles from normal and cholesterol-rich hepatocytes are closed and have an average diameter of 50 nm, or one-thousandth of the diameter of the hepatocyte.
Since hepatocytes from hypercholesterolemic animals have cholesteryl ester droplets in their cytoplasm, we asked whether cholesteryl ester was entrapped during vesiculation. For these experiments, rats were fed a pure chow diet or a chow diet supplemented with 1 % cholesterol and 10% olive oil for a month (Table 1) . Hepatocytes from the cholesterol-fed rats were enriched with cholesteryl es- ter, approximately 30-fokJ over normal hepatocytes, and the content of free cholesterol was increased twofold. Vesicles derived from cholesterol-rich hepatocytes contained the same high level of cholesteryl ester (/xg/mg protein) as the parent hepatocyte, supporting the inference that a part of the cytoplasm was entrapped during vesiculation. In spite of these observations there was some selectivity. As compared to the hepatocyte, vesicles were enriched with cholesterol and plasma membrane marker enzyme (5'-nucleotidase) activity and exhibited a loss of lysosomal marker enzyme (acid phosphatase) activity. The data indicated that vesicles are derived from plasma membrane.
The possibility that cholesterol-laden PMV, if scavenged by macrophages, might promote the accumulation of cholesteryl ester was considered. A series of experiments was conducted to investigate the following: the utilization of PMV by macrophages; the incorporation of PMV cholesterol into macrophages; and the formation of lipid droplets in macrophages after uptake of vesicles. For these experiments, rabbit lung macrophages were used because the lungs provide an in vivo source of a relatively pure (> 95%) preparation of macrophages. 16 Moreover, these cells have been used previously for lipoprotein uptake studies. 24 The utilization of PMV labeled with 125 I by macrophages was assessed by the release of radioactive trichloroacetic acidsoluble degradation products into the incubation medium. During a 4-hour incubation, cholesterol-rich and normal PMV were degraded equally well (Figure 1 ). Degradation of vesicles was much greater than that of acetylated LDL at ligand protein concentrations of 100 ^g/ml in the incubation medium. Within the concentration range of 0 to 100 ng PMV protein/ml, degradation of PMV increased almost lin- early, suggesting that bulk uptake was involved; the degradation of acetyl-LDL followed a saturation kinetics curve. Esterified cholesterol content of macrophages was examined after incubation with PMV for 3 days (Figure 2 ). Esterified cholesterol content was fourfold greater with cholesterol-rich PMV than with normal PMV. The latter, on the other hand, had no effect on the normal concentration of esterified cholesterol in macrophages. Macrophages were examined for lipid droplets by fluorescence microscopy using Nile red A vital stain. 25 LJpid droplets appeared as yellow-gold fluorescent bodies when cells were exposed to an excitation wave length of 450 to 500 nm and examined at an emission wave length of 528 nm. After continuous exposure to cholesterol-rich PMV, an abundance of lipid droplets was observed within macrophages (micrographs not presented). No fluorescent bodies were found In cells treated with normal PMV or in an absence of vesicles.
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Cholesterol-esterifying activity of macrophages was investigated using 1-14 C-oleate as a substrate (Figure 3 ) to determine whether cholesteryl ester synthesis can account for the accumulated cholesteryl ester in macrophages conditioned with cholesterol-rich PMV. Incorporation of radioactivity into cholesteryl ester was threefold higher In macrophages conditioned with cholesterol-rich PMV than In those conditioned with normal PMV. Cholesteryl ester radioactivity of the latter was the same as the untreated macrophages. If the amount of cholesteryl ester synthesized in 4 hours is projected to 3 days, the mass ( 10 ^g as normal PMV. After incubation adherent cells were washed three times with fresh PBS and were lifted. The suspension was layered on 5% to 10% sucrose gradient, and 2 hours later the macrophages were collected and assayed for esterified cholesterol. Each value is a mean ± SE of three separate experiments. Cholesteryl ester content was significantly greater at the 5% level in macrophages treated with cholesterol-rich vesicles than in those treated with normal PMV. Choi = cholesterol or cholesteryl. /xg) actually accumulated in macrophages after a 3-day exposure to cholesterol-rich PMV (Figure 2 ). We conclude that for macrophages conditioned with cholesterol-rich PMV, cholesteryl ester synthesis alone can account for the observed accumulation.
These studies were extended to smooth muscle cells (SMC) to determine whether the necrosis mechanism might apply to aortic cells. Vesicles released from a confluent culture of pig aortic SMC into serum-free medium were identified as PMV by their high content of 5'-nucleotidase activity (312 ± 43, mean of two separate experiments) relative to SMC (118 ± 11 nmol IP released/min/mg protein). Uke hepatocyte-PMV, the degradation of SMC-PMV was proportional to the protein concentration up to 150 /xg/ml (Figure 4) .
The data Indicated that under unhealthful conditions SMC released PMV and that macrophages were indiscriminant in their uptake of PMV from widely different cell types, that is, cells of separate embryological originhepatocytes from endoderm and SMC from mesoderm. The results obtained thus far are consistent with the Idea that the necrosis mechanism may be involved in atherogenesis.
Discussion
The present study has shown that cholesterol-bearing necrotlc products of cholesterol-rich hepatocytes are plasma membrane vesicles. The cholesteryl ester concentration of the vesicles reflects that of the parent cell. This observation is consistent with the view that vesicles are formed by the pinching off of blebs on the cell surface of the dying cell and that these blebs trap cholesteryl ester from the cytoplasm of the parent cell. Since blebbing is a reac- The volume of the preincubation medium and the test media are given In Figure 2 . After preincubation at 37° C for 2.5 hours, radioactive oleate-albumin complex was added to the test media and the mixtures were incubated for 4 hours. Macrophages were washed with PBS and assayed for cholesteryl ester radioactivity. Each value is a mean ± SE of three separate experiments. Cholesteryl ester that formed from oleate was greater at the 5% level in macrophages pretreated wfth cholesterol-rich PMV than in those treated with normal PMV. Choi = cholesterol or cholesteryl. tion to injury by several cell types, 10 " 12 it is probable that PMV are released from dying cells in atherosclerotic lesions and are scavenged by histiocytes and infiltrated monocytes.
PMV with their load of cholesteryl ester were shown to be utilized by macrophages, inciting the accumulation and the formation of cholesteryl ester droplets. It is probable that esterified cholesterol in PMV is hydrolyzed and reesterified after intemalization by macrophages since cholesterol esterification with oleate was enhanced.
The cholesteryl ester content of macrophages (30 ig/mg cell protein) exposed to cholesterol-rich PMV fall in the range (14 to 100 /xg/mg protein) induced by LDL modified biologically by conditioning with endothelial cells, 26 by malondialdehyde, 4 by arterial tissue, 6 or by a physiological incitant -beta-VLDL 27 when measured at a ligand concentration of 100 Atg/ml. The stimulatory effect of biologically modified LDL is still considerably less than that of acetyl LDL when compared in the same experiment, 6 ' b ut acetyl-LDL is not regarded as a biological entity. Cholesterol-rich PMV appear to be as effective as biologically modified LDL and beta-VLDL in inciting cholesteryl ester accumulation.
Our studies with cultured smooth muscle cells give some measure of confidence that the necrosis mechanism, investigated with hepatocyte-PMV, may apply to the arterial wall. PMV were released from cultured smooth muscle cells and were degraded in a manner similar to hepatocyte-PMV. We have not as yet examined the effect of cholesterol-rich smooth muscle cell PMV on cholesteryl ester accumulation, but we presume that it will be stimulatory. It is probable that this mechanism is operating in atheromatous lesions since these lesions contain gruel, nj • §. c 40- . SMC-PMV were isolated from the culture medium of pig aortic smooth muscle cells. Vesicles were labeled with 1Z5 I and incubated with macrophages for 4 hours at 37° C. Degradation was assessed by the release of trichloroacetic acid-soluble products into the incubation medium. Each value designates the mean of two separate experiments. smooth muscle cells and macrophages. But does necrosis play a role in early monocyte-macrophage lesions containing little smooth muscle mass, for example, those found in the subendothelial space of the thoracic aorta? 28 ' M We think it possible, since blebs are formed on the surface of damaged endothelium, 30 lipid-rich vesicles are released from damaged platelets, 31 and monocytes are attracted to sites of endothelial damage. 32 We suspect that monocytemacrophages behave like lung macrophages in their abilty to utilize vesicles from widely different cell types.
In summary, our hypothesis may explain the focal distribution of lesions in the arterial tree with cholesterol feeding and may suggest a role of cytotoxic LDL in atherogenesis. We believe that there are at least two pathways by which cholesteryl ester-rich macrophages are formed, one by direct uptake of modified LDL, and the other by the uptake of cholesterol-rich necrotic products. The release of necrotic materials could be induced by cytotoxic LDL and/or by other means.
Is there information suggesting that the necrosis mechanism might be functioning physiologically? There is little doubt that macrophages scavenge dead cells and other altered constituents of the body. We assume from our present study that in vivo macrophages will take up PMV if given the opportunity. PMV, the other key element of our hypothesis, have been found in vivo, and thus are not a laboratory artifact. They appear in abundance in the plasma of certain leukemic patients and in small amounts in normal human plasma. 33 Similarly, PMV have been isolated from the ascitic fluid sustaining tumor cells and from peritoneal washes of guinea pigs. 34 We suspect that PMV may be present in the hypercholesterolemic blood of dogs 35 and guinea pigs, 36 since spiculated erythrocytes (a donor of PMV) are present. Interaction of PMV with a monocyte (splenocyte) has been observed. PMV shed from lymphoma cells 37 were shown to inhibit the proliferation of splenocytes induced by a mitogen, Con A. 38 Even though the examples appear far removed from atherosclerosis, they do show that the elements needed for the necrosis hypothesis are present in vivo. Whether the hypothesis operates in vivo will have to be shown in future studies.
